The intestinal expression of genes involved in carbohydrate digestion and absorption, such as sucrase-isomaltase (SI) and sodium-dependent glucose cotransporter (SGLT1), is higher in rodents fed a high-starch/low-fat (HS) diet than in those fed a lowstarch/high-fat (LS) diet. In the present study, we investigated whether the HS diet-induced induction of SI and SGLT1 in the rat jejunum is coordinately regulated by nuclear transcription factors, histone acetylation, or histone acetyltransferases. HS diet intake induced jejunal expression of a histone acetyltransferase, general control of amino acid synthesis (GCN5), concurrently with the SI and SGLT1 genes; however, gene expression of nuclear transcription factors such as hepatocyte nuclear factor-1, caudal type homeobox-2, and GATA-binding protein-4 was unaffected by the HS diet. Acetylation of histones H3/H4 and binding of acetyltransferase GCN5 on the promoter/enhancer and transcribed regions of SI and SGLT1 genes were significantly higher in HS diet-fed rats than in LS diet-fed rats, but transcription factor binding was not affected by the HS diet. Our results suggest that the concomitant induction of SI and SGLT1 genes in the jejunum by the HS diet is closely associated with the binding of GCN5 and acetylation of histones H3/H4 on these genes.
Most dietary carbohydrates are digested by disaccharidases and absorbed through monosaccharide transporters in the small intestine. The disaccharidases sucrase-isomaltase (SI) and maltase-glucoamylase are expressed in intestinal brush border membranes, where they catalyze the breakdown of sucrose and starch hydrolysates into monosaccharides ( 1 ) . Monosaccharides released by these disaccharidases are incorporated into small intestinal epithelial cells by the glucose/ galactose transporter (sodium-dependent glucose cotransporter [SGLT1]) and fructose transporter (glucose transporter 5 [GLUT5]) ( 2 , 3 ) . Our previous studies demonstrated that gene expression of SI and SGLT1 was higher in rodents fed a high-starch/low-fat (HS) diet than in those fed a low-starch/high-fat (LS) diet (4) (5) (6) (7) (8) . Thus, induction of these genes is likely dependent on available carbohydrates in the diet and regulated in a coordinated fashion at a transcriptional level.
Although the mechanism by which these genes are regulated by diet is not well understood, cell studies have suggested that hepatocyte nuclear factor (HNF)-1 ␣ , caudal-related homeodomain protein (CDX)-2, and GATA-binding protein (GATA)-4 are involved in the transcriptional control of SI ( 9 , 10 ) . The binding sites for these transcription factors have been identified in the SI gene, and transfection of vectors expressing these transcription factors into the human intestinal cell line Caco-2 increased transactivation of the SI gene ( 11 ) . The SGLT1 promoter is also bound by HNF-1, although the specific subtype is not known (i.e., HNF-1 ␣ or HNF-1 ␤ ) ( 12 ) ; likewise, it is unknown whether GATA-4 and CDX-2 bind to the promoter/enhancer region of the SGLT1 gene.
Recent studies have suggested that histone modifications regulate genes involved in many biological processes including cell proliferation, differentiation, senescence, apoptosis, and response to DNA damage. Histones are subject to a wide variety of posttranslational modifications, including lysine acetylation, lysine and arginine methylation, serine phosphorylation, and lysine ubiquitination (13) (14) (15) . Histone acetylation contributes to gene activation by modulating chromatin structure and recruiting coactivator proteins with bromodomains to the transcriptional regulatory regions through the acetylated lysine residues of the histones ( 16 ) . Acetylation of histones H3 and H4 is catalyzed by a family of enzymes known as histone acetyltransferases (HATs), which includes E1A binding protein p300 (p300), CREB-binding protein (CBP), p300/CBPassociated factor (PCAF), and general control of amino acid synthesis 5 (GCN5) ( 17 ) . We previously reported that the acetylation of histones H3/H4 on the SI and SGLT1 genes was higher in mice fed the HS diet than in those fed the LS diet ( 18 , 19 ) , but did not identify the HATs responsible for this effect. In the present study, we hypothesized that dietary carbohydrate-mediated changes in SI and SGLT1 gene expression involve a coordinated increase in the binding of transcription factors HNF-1, CDX-2, GATA-4, and HATs, accompanied by acetylation of histones H3 and H4.
To evaluate this hypothesis, we quantitatively analyzed the expression and binding of these transcription factors and HATs as well as histone acetylation on the SI and SGLT1 genes in rats fed the HS diet or LS diet.
MATERIALS AND METHODS
Animals. Seven-week-old male Sprague-Dawley rats (Japan SLC, Inc., Hamamatsu, Japan) were divided into two groups according to diet. The animals were fed the HS diet (71% energy as cornstarch, 7% energy as corn oil) or the LS diet (5% energy as cornstarch, 7% energy as corn oil, and 66% energy as olive oil) for 7 d (Table  1) . The diets contained at least 2.4% corn oil to supply essential fatty acids. The rats were killed by decapitation between 10:30 AM and 12:00 noon on day 8. The experimental procedures used in this study met the guidelines of the animal use committee of the University of Shizuoka.
Intestinal sample preparation . The entire jejunoileum was removed and divided into two segments of equal length. The upper half (jejunum) was flushed twice with ice-cold 0.9% NaCl solution and was then divided into four segments for RNA extraction, protein extraction, enzyme assay, and chromatin immunoprecipitation (ChIP) assay.
Quantitative reverse transcription-polymerase chain reaction ( RT-PCR ). To extract RNA, intestinal segments were homogenized in a solution consisting of 4 M guanidine thiocyanate, 25 m M sodium citrate (pH 7.5), 0.5% sarcosyl, and 0.1 M 2-mercaptoethanol. The homogenates were immediately frozen in liquid nitrogen and stored at Ϫ 80˚C until RNA extraction. Total RNA was extracted by the acidified guanidine thiocyanate method, as described by Chomczynski and Sacchi ( 20 ) . RNA samples (2.5 g) were reverse transcribed into cDNA by SuperScript III reverse transcriptase TM (Invitrogen, Tokyo, Japan) according to the manufacturer's instructions. PCR amplification was performed on a Light Cycler 480 system (Roche, Tokyo, Japan). Real-time RT-PCR reactions were carried out in a total volume of 10 L containing gene-specific primers (400 n M each), cDNA, and SYBR Premix Ex Taq (Takara, Shiga, Japan). The cycle threshold (CT) values of each gene detected by real-time RT-PCR were converted into signal intensities by the delta-delta CT method ( 21 ) , which calculates the difference of one CT value as a 2-fold difference between signals of the target gene and internal control gene (TFIIB) using the for- Total 100 100 100 100
1 Mineral mix and vitamin mix were based on AIN-93 (Oriental Yeast Co., Ltd., Tokyo, Japan). Diets were isoenergetic (12.6 kJ/g). Table 2 . Primers used for real-time RT-PCR.
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]. PCR primer sequences and predicted amplicon sizes are shown in Table 2 .
Immunoblotting . Total jejunal proteins were extracted in RIPA buffer (1% NP-40, 0.1% SDS, 20 m M Tris-HCl [pH 8.0], 5 m M EDTA, 150 m M NaCl) that contained phosphatase inhibitors (1 m M NaMoO 4 , 50 m M NaF, and 1 m M Na 3 VO 4 ) and protease inhibitors (one tablet/ 10 mL; Roche Diagnostics, Tokyo, Japan). Lysates were centrifuged at 10,000 ϫ g for 10 min at 4˚C. Total protein concentration of the supernatant was determined with the Lowry method ( 22 ), and protein samples were stored at Ϫ 20˚C. Jejunal extracts were separated by 10% SDS-PAGE and transferred to Immobilon membrane (Millipore, MA, USA) at 80 V for 120 min in Tris/ glycine/methanol transfer buffer. The membranes were blocked for 1 h in skim milk (3-5%) in phosphate buffered saline (PBS) with 0.05% Tween-20 (pH 7.4) (PBSTween) at room temperature. Then the membranes were incubated at 4˚C for at least 7 h with the following primary antibodies (in PBS-Tween with 3-5% skim milk): anti-SI ( 23 ), anti-SGLT1 (Abcam, Tokyo, Japan), and anti-␣ -tubulin (Sigma, SL, USA). The antibody against SI detects the sucrase-isomaltase complex, the sucrase monomer, and the isomaltase monomer. After washing in PBS-Tween-20, the membranes were incubated with anti-rabbit or anti-mouse IgG conjugated to biotin (GE Healthcare, Tokyo, Japan) in PBS-Tween with 3% skim milk. The membranes were washed in PBS-Tween and incubated with horseradish peroxidase-conjugated anti-biotin (Cell Signaling, Tokyo, Japan). Signals were then detected by chemiluminescence (ECL Plus; GE Healthcare), according to the manufacturer's instructions, and the relative signal intensity was evaluated with Multi Gauge version 3.0 Densitograph Software (Fuji Film, Tokyo, Japan).
Enzyme assays . Jejunal homogenates in 10 m M potassium phosphate buffer (pH 7.0) were incubated with 28 m M sucrose for 15 min to determine sucrase activity and incubated with 28 m M palatinose for 30 min to determine isomaltase activity, as described by Dahlqvist ( 24 ) . Reactions were terminated with TrisHCl (pH 8.0, 100 m M final concentration), which inhibits enzyme activity. Concentrations of glucose produced by sucrase or isomaltase in jejunal homogenates were determined by the Glucose CII test Wako (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Protein was measured according to the method of Lowry et al. ( 22 ) .
Chromatin immunoprecipitation ( ChIP ) assay . The mucosa removed from the jejunum was fixed in formaldehyde solution (1% formaldehyde, 4. Region on the SI gene Sequence
Region on the SGLT1 gene Sequence
Gene regions are expressed in bp relative to the transcription initiation site. 1 Over 2k indicates the region 2 kb downstream from the transcription termination site. Data are expressed as meanϮSE (nϭ8).
10 mL; Complete Mini, Roche) to obtain 200-bp to 500-bp DNA fragments. The ChIP assay was performed as described previously (19) , with the following antibodies (1 g): anti-CDX-2 (BioGenex, CA, USA), anti-HNF-1 (Santa Cruz Biotechnology, CA, USA), anti-GATA-4 (Santa Cruz Biotechnology), anti-acetyl-histone H3 (Millipore, Tokyo, Japan), anti-acetyl-histone H4 (Millipore), anti-GCN5 (Santa Cruz Biotechnology), or control rabbit IgG. The precipitated DNA was analyzed by real-time PCR with primers complementary to sites in the promoter/enhancer and transcribed regions of the SI and SGLT1 genes ( Table 2) . ChIP results are expressed as percent of the PCR signal for input DNA using the delta-delta method (21) ]). PCR primer sequences and region of the gene that each pair amplifies are shown in Table 3 .
Statistical analysis. Group differences were analyzed by Student's t-test when data were normally distributed with equal variance; otherwise, the nonparametric Mann-Whitney test was used. pϽ0.05 was considered significant.
RESULTS

Effects of HS diet on jejunal expression of SI and SGLT1
To determine whether intake of the HS (high-starch/ low-fat) diet induces expression of SI and SGLT1 in the rat jejunum, the animals were fed HS or LS (low-starch/ high-fat) diets for 7 d. Food intake and body weight gain did not differ significantly between groups (Table 4 ). In the HS diet-fed rats, SI mRNA levels were 4.8-fold higher (pϽ0.05) and SGLT1 mRNA levels were 2.6-fold higher (pϽ0.01) than in LS diet-fed rats (Fig. 1A) . Similarly, protein levels of the SI complex, sucrase monomer, isomaltase monomer, and SGLT1 were higher in rats fed the HS diet than in those fed the LS diet (pϽ0.05, pϽ0.01, Fig. 1B) . Furthermore, sucrase activity was 4.0-fold higher and isomaltase activity was 2.6-fold higher in HS diet-fed rats than in LS diet-fed rats (pϽ0.01, Fig. 1C) .
Effects of HS diet on transcription factor binding to the promoter/enhancer regions of SI and SGLT1 in rats
To evaluate whether the induction of SI and SGLT1 by HS diet intake is associated with jejunal expression of the transcription factors reported to be responsible for their regulation, we determined mRNA levels of HNF-1␣, HNF-1␤, CDX-2, and GATA-4 by real-time RT-PCR. As shown in Fig. 2A , CDX-2 and GATA-4 mRNA levels did not differ significantly between the two groups, whereas HNF-1␣ mRNA levels were lower in HS diet-fed rats than LS diet-fed rats. HNF-1␤ mRNA was not detected in the jejunal segment of either group. Next, we used the ChIP assay to evaluate the effect of HS diet intake on transcription factors binding to the SI and SGLT1 promoters using antibodies that detect CDX-2, GATA-4, and both subtypes of HNF-1 (i.e., HNF-1␣ and HNF-1␤). The ChIP signals of HNF-1, CDX-2, and GATA-4 on the SI gene were considerably higher in both animal groups compared to signals for the IgG control; however, signal levels did not differ significantly between the groups. Similarly, the binding of HNF-1, CDX-2, and GATA-4 on the promoter/enhancer regions of SGLT1 was detected in both animal groups, but did not differ significantly between the two groups (Fig.  2B) .
Effects of HS diet intake on acetylation of histones H3/H4 on the SI and SGLT1 genes
To determine whether acetylation of histones H3 and H4 is involved in the HS diet induction of SI and SGLT1, we performed the ChIP assay using antibodies against histone H3 acetylated at lysine 9 and 14 (K9/14) and histone H4 acetylated at lysine 5, 8, 12, and 16 (K5/8/ 12/16). The ChIP signals of DNA fragments immunoprecipitated with these antibodies were higher near the SI gene transcription initiation site (ϩ1k bp) than in its promoter (Ϫ200 bp) or enhancer (Ϫ5k, Ϫ2k, and Ϫ1.5k bp) in both animal groups (Fig. 3, left) . The ChIP signals of DNA fragments immunoprecipitated with these antibodies were higher on the SGLT1 transcribed regions (ϩ1k and ϩ2k bp) and promoter/enhancer regions (Ϫ2k to Ϫ500 bp) than in sites far from the transcription initiation site (Ϫ5k and ϩ10k bp; Fig. 3 , right) in both groups. The acetylation levels of histone H3 at K9/14 in HS diet-fed rats were significantly higher in the entire regions of the SI and SGLT1 genes than in LS diet-fed rats. Similarly, the acetylation levels of histone H4 at K5/8/12/16 were significantly higher in the enhancer and transcribed regions of SI gene and in the entire SGLT1 gene region in the HS diet-fed rats than in LS diet-fed rats.
Effects of HS diet on jejunal expression of HATs and their binding on the SI and SGLT1 genes
To elucidate the specific HAT(s) involved in HS dietinduced histone acetylation on SI and SGLT1, we determined the mRNA levels of GCN5, PCAF, CBP, and p300 by real-time RT-PCR. The mRNA level of GCN5 was 1.6-fold higher in HS diet-fed rats than in LS diet-fed rats (pϽ0.05; Fig. 4A) ; however, the mRNA levels of PCAF, CBP, and p300 did not differ significantly between the two groups.
Next, we used the ChIP assay to evaluate the binding of GCN5 on SI and SGLT1. Compared with LS diet-fed rats, GCN5 binding on the SI gene was significantly higher in HS diet-fed rats throughout almost the entire gene region, i.e., Ϫ2k, Ϫ200, ϩ1, ϩ1k, ϩ10k, and ϩ40k bp. The binding of GCN5 was significantly higher in the enhancer (Ϫ2k bp) and transcribed (ϩ1 and ϩ1k bp) regions of the SGLT1 gene in the HS diet-fed rats than in the LS diet-fed rats (Fig. 4B) . 
DISCUSSION
Over the past few decades, studies have reported that intestinal expression of genes involved in carbohydrate digestion and absorption is regulated by the ratio of carbohydrate to fat in the diet. Previous studies in rats have demonstrated that high starch intake enhances transcription of SI and SGLT1 (5, 8, 18, 19) . In the present study, we confirmed those findings and further demonstrated that protein levels of SI, sucrase monomer, isomaltase monomer, and SGLT1 are also increased by intake of the HS diet in rats, as well as the enzyme activities of sucrase and isomaltase (Fig. 1) . This is the first study to show that HS diet-induced transcription of SI and SGLT1 is associated with higher protein expression. During differentiation of intestinal absorptive cells, SI gene expression is regulated by HNF-1␣, GATA-4, and CDX-2, which bind to the promoter region near the transcription initiation site (between Ϫ200 bp and Ϫ1 bp) (11, 25) . In the present study, we confirmed that these transcription factors bind to the SI promoter/ enhancer region in vivo using the ChIP assay. HNF-1 binding sites were previously identified on the SGLT1 promoter (Ϫ66 bp to ϩ21 bp) (12) . In the present study, we also demonstrated for the first time that HNF-1 and GATA-4 bind to the SGLT1 promoter/enhancer region in vivo. It remains unclear which subtype of HNF-1 (i.e., HNF-1␣ or HNF-1␤) binds to the SI and SGLT1 promoters. However, mRNA of HNF-1␤ was not detected in either group in this study; thus, HNF-1␣ appears to be the predominant subtype involved in regulation of SI and SGLT1. In the present study, we found that binding of HNF-1␣, CDX-2, and GATA-4 to the SI and SGLT1 genes was unaffected by the dietary manipulation. This result suggests that neither expression of HNF-1, CDX-2, and GATA-4 nor binding of those transcription factors on the SI and SGLT1 genes is responsible for the upregulation of SI and SGLT1 genes by HS diet intake.
We also showed that intake of the HS diet increased acetylation of histones H3 and H4 on the SI and SGLT1 genes in the rat jejunum (Fig. 3) . This result is consistent with our previous studies in mice (18, 19) . Histone acetylation is carried out by HATs, which transfer an acetyl group from acetyl-CoA to the lysine ε-amino groups in histone N-terminal tails (17) . Therefore, we presumed that certain HATs are involved in the dietmediated regulation of SI and SGLT1. The mRNA levels of GCN5, but not PCAF, CBP, or p300, were increased in the jejunum of HS diet-fed rats. Furthermore, this increased GCN5 binding was closely associated with regions of increased histone acetylation (H3/H4) in the SI and SGLT1 genes (Fig. 4) . GCN5 functions as a HAT in the SPT-ADA-GCN5-acetyltransferase (SAGA) complex (26, 27) . Our findings suggest that GCN5 mediates the HS diet-induced transcriptional activation of SI and SGLT1 genes by acetylating histones H3 and H4; however, further study is needed to validate our results. To rule out the involvement of histone deacetylases (HDACs) in HS diet-induced jejunal expression of SI and SGLT1, we also analyzed 11 HDAC subtypes as well as the 7 NAD ϩ -dependent deacetylase sirtuin (SIRT) subtypes by real-time RT-PCR. HDAC1-11 and SIRT1-7 expression in HS diet-fed rats did not differ from that of LS-diet-fed rats (data not shown). Thus, among HATs and HDACs, GCN5 appears to be the predominant regulator of SI and SGLT1 genes.
It should be noted that both histone H3/H4 acetylation and GCN5 binding were highest in the transcribed regions (ϩ1k bp) of SI and SGLT1. A recent study reported that histone acetylation is essential to recruit transcription elongation factors (28) . Therefore, we speculate that recruiting transcription elongation complexes including the SAGA histone acetylase complex to the ϩ1k bp region is of particular importance in HS diet-induced upregulation of SI and SGLT1 genes. Other components of the transcription complex and transcription elongation complex involved in the HS diet-induced activation of these genes have yet to be identified.
The mechanism by which jejunal GCN5 gene expression is induced by the HS diet is not known. A recent study reported that GCN5 expression in the liver was induced by the drug metformin (29) . Metformin is used in diabetes to improve insulin sensitivity and inhibit gluconeogenesis. The study showed that metformin upregulated GCN5 mRNA and protein levels, resulting in the suppression of gluconeogenesis genes through acetylation of PGC1␣, a coactivator for gluconeogenesis. Thus, GCN5 is induced when gluconeogenesis is repressed, that is, when glucose inflow to the liver from the bloodstream is increased. In the present study, we demonstrated that GCN5 expression and binding to the SI and SGLT1 genes are responsible for HS diet-induced upregulation of SI and SGLT1. GCN5 may also upregulate other genes related to carbohydrate inflow into the small intestine and in other tissues; however, further research is needed to elucidate these putative effects of GCN5.
In conclusion, we demonstrated in this study that the jejunal upregulation of SI and SGLT1 in rats fed a high starch diet is accompanied by an increase in histone acetyl-transferase GCN5 expression and binding to regions of these genes that are closely associated with increased acetylation of histones H3 and H4.
